Probing bismuth ferrite nanoparticles by hard x-ray photoemission: Anomalous occurrence of metallic bismuth We have investigated bismuth ferrite nanoparticles ($75 nm and $155 nm) synthesized by a chemical method, using soft X-ray (1253.6 eV) and hard X-ray (3500, 5500, and 7500 eV) photoelectron spectroscopy. This provided an evidence for the variation of chemical state of bismuth in crystalline, phase pure nanoparticles. X-ray photoelectron spectroscopy analysis using Mg Ka (1253.6 eV) source showed that iron and bismuth were present in both Fe 3þ and Bi 3þ valence states as expected for bismuth ferrite. However, hard X-ray photoelectron spectroscopy analysis of the bismuth ferrite nanoparticles using variable photon energies unexpectedly showed the presence of Bi 0 valence state below the surface region, indicating that bismuth ferrite nanoparticles are chemically inhomogeneous in the radial direction. Consistently, small-angle X-ray scattering reveals a core-shell structure for these radial inhomogeneous nanoparticles. V C 2014 AIP Publishing LLC. Recently, there has been a growing interest in using nanostructured metal, semiconductor, and magnetic materials for variety of applications like biomedical, personal care, solar cells, fuel cells, electronic devices, etc. In investigating the properties of nanomaterials, size and shape are very crucial and widely investigated. However, internal chemical homogeneity within a nanoparticle (NP) is sparsely investigated, although it is a parameter of paramount interest that can render interesting functionalities to NPs. The lack of knowledge of the chemical homogeneity of NPs due to limited capabilities of conventional NP characterization tools, like X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Raman spectroscopy, X-ray Phoelectron Spectroscopy (XPS), etc., leads to the assumption that the nanoparticles are structurally and chemically homogeneous. However, few attempts made to understand the chemical state of nanoparticles at surfaces indeed showed that the nanoparticles can have surface segregation of one element over the other. [1] [2] [3] [4] In this manuscript, we employ a combination of photoemission spectroscopy, using soft X-rays from Mg Ka (1253.6 eV) target and synchrotron radiation source with Hard X-ray Photoelectron Spectroscopy (HXPES), to probe chemical structure of a very important class of NP, namely, bismuth ferrite (BiFeO 3 ).
Bismuth ferrite (BFO) is a multiferroic material. A multiferroic material has more than one ferroic properties like ferroelectricity, ferromagnetism, and ferroelasticity, which are useful for many applications particularly in cases where a single material can perform multiple tasks. [5] [6] [7] It crystallizes into a distorted perovskite with the rhombohedral (R3c space group) structure but more symmetric tetragonal structure also has been reported. 8 There is a great interest in BFO as it is the only known multiferroic with high transition temperatures, viz., ferroelectric transition T C $ 1100 K and antiferromagnetic N eel temperature T N $ 640 K, both much above room temperature. 6 The magnetic properties of BFO are attributed to Fe-O bonds and ferroelectric properties arise due to Bi-O bonds in the distorted octahedra. This has led to extensive research primarily focused on physical property optimization, for example, magnetic property, in BFO by tailoring size of NPs. [9] [10] [11] [12] The work on NPs of BFO has shown that they have size dependent ferromagnetism. The appearance of ferromagnetism in BFO, which in the bulk form is basically a G-type antiferromagnetic material with canted spins on a spiral chain with period of $62 nm has been explained as due to abrupt termination of spiral, canted spin chain, as well as structural disorder due to the strain at surface. 9 It has been speculated that BFO nanoparticles have a core-shell type of structure with an antiferromagnetic core and ferromagnetic shell. The appearance of ferromagnetism in BFO nanoparticles is evident from the appearance of coercivity which also has a size dependence, viz., coercivity keeps on increasing with decrease in the nanoparticle size. However, there is no detailed understanding about the thicknesses of cores and shells in different nanoparticles with variation of the size. It is very likely that these core-shell particles and their interfaces would be inhomogeneous but are not investigated in details. Thus, it is imperative to investigate the chemical homogeneity of BFO NPs that has been hitherto not well studied which may have profound effect on their observed properties.
There are many reports on BFO in which conventional soft XPS using Al Ka or Mg Ka X-ray sources has been used to determine the chemical state of Bi and Fe. [13] [14] [15] In all such (2014) reports, Bi 3þ and Fe 3þ are observed in BFO both in bulk or nanostructures. However, so far there are no experiments in which chemical analysis of BFO nanoparticles has been made using both soft X-ray photoelectron spectroscopy and HXPES. HXPES using energies above 2 keV has shown that the interfaces can be investigated non-destructively without ion bombardment by varying the photon energies. [16] [17] [18] Ohtsuki et al. have shown in Co-TiO 2 thin films probed with soft X-ray and hard X-rays, possess different electronic structure in the surface region and bulk. 19 They observe Ti 4þ state in the surface region when probed with soft X-rays (1200 eV) at a depth of $1 nm and metallic Ti 3þ when probed with hard X-rays (7940 eV) at a depth of $10 nm. Thus, the chemical in-homogeneity existing at a deeper level was revealed. Here, we analyse chemical information as a function of depth, in BFO nanoparticles, by employing X-rays of varying energy: 1253 eV, 3500 eV, 5500 eV, and 7500 eV. Our results clearly show that the BFO nanoparticles are radially inhomogeneous, revealing an interesting triple core shell structure, such that the intermediate shell region is composed of higher metallic Bi content, sandwiched between a low Bi content core and an oxidized outer shell. This result not only provides a very important information that has been generally neglected in modelling this very important class of multiferroics but also can be used to engineer the ferroelectric properties, as it has been theoretically predicted that metal-oxide interfaces can enhance ferroelectricity. 20 The soft X-rays used here can give information from a depth of $1.2 nm, while hard X-rays with photon energy $7500 eV are able to yield information up to $10 nm. 16 The advantages of using HXPES in the analysis of materials are unique, as it provides non-destructive probe for depth dependent chemical structure analysis due to higher penetration of hard X-rays inside the solid surface compared to the soft X-rays. This avoids unnecessary surface region alteration and provides the correct analysis of the valence state or chemical state of the constituting elements. 17, 18 BFO nanoparticles were synthesized using a soft chemical route combined with post synthesis annealing, reported earlier. 10, 12 All the chemicals used are of analytical grade (99.9% purity). Synthesis involves a reaction of Bi(NO 3 ) 3 Á5H 2 O and Fe(NO 3 ) 3 Á9H 2 O in the presence of tartaric acid at 353 K, until the product is in sol-gel form. The sol-gel was heated in an oven at 423 K. After washing in dilute nitric acid and ethanol, the obtained product was divided into two and one was annealed at 773 K and the other was annealed at 932 K for 2 h each. This gave two BFO powder samples BFO-1 and BFO-2, respectively.
In order to know the morphology, purity, structure, and magnetic properties of the samples, we used conventional characterization tools: TEM, XRD, Raman spectroscopy, and magnetic measurements. TEM images of the samples were obtained using the FEI model Tecnai 200 G2 with LaB 6 electron source operating at 200 kV. The X-ray diffraction analysis of the samples was carried out using Bruker AXS D8 ADVANCE diffractometer. The data were collected for each sample in the slow scan mode from 15 to 80 in 10 h. Raman analysis of the samples was performed at room temperature using Horiba Scientific Lab-RAM HR with laser wavelength 532 nm. Magnetic measurements of the samples were performed on Physical Property Measurement System from Quantum Design (PPMS-VSM).
The XPS measurements were carried out at the HXPES facility at the P09 beamline at PETRA III (DESY, Hamburg, Germany) synchrotron source. The photon energy was varied between 3.5 keV and 7.5 keV using a Si(111) double crystal monochromator with an estimated energy resolution varying between 400 meV and 800 meV for low energy to high energy excitation. The data were recorded at normal photoemission geometry with photon incidence angle at 5 to the surface of sample. The beam line is also equipped with fixed energy X-ray tube source. We used Mg Ka (1253.6 eV) source in order to compare the soft X-ray data with HXPES data. The emitted photoelectrons were analysed using a hemispherical analyzer (SPECS Phoibos 225 HV). Small-angle x-ray scattering (SAXS) measurements were done using 15 keV X-rays at BL23A SWAXS beamline in National Synchrotron Radiation Research Center, Taiwan. For this, BFO NPs were dispersed in ethanol.
The particle sizes were determined using TEM, Figs. 1(a) and 1(b). The particles are spherical in shape. The average particle size of sample BFO-1 is 75 nm and that of BFO-2 is 155 nm. The lattice parameters of the BFO nanoparticles are (see supplementary material 21 ) consistent with the earlier reports.
22,23
The samples BFO-1 and BFO-2 were analysed for their structure and phase purity using XRD. Figs. 1(c) and 1(d) illustrate the Rietveld refinement of XRD data of BFO-1 and BFO-2, respectively. The detailed analysis showed (supplementary material 21 ) that the BFO samples BFO-1 and BFO-2 do not have any phase impurity as well as the nanoparticles of BFO are well crystallized, similar to thin films or single crystals in single rhombohedral phase (R3c). 6, 24, 25 However, this does not mean that samples are completely stoichiometric as expected. Lahmar et al. deliberately introduced in their thin film samples of BFO, 5% and 10% excess of Bi or Fe separately. 25 They do not observe any structural variation up to 5% excess Bi or Fe in BFO thin films and rhombohedral (R3c) phase was maintained. They also used Raman spectroscopy to find out if there are any changes in the vibration modes due to excess of Bi or Fe. Interestingly, even the changes in Raman spectra appeared only after 10% Bi or Fe addition.
We do not observe the structural transition in our BFO-1 and BFO-2 samples but the Raman spectra of both BFO-1 and BFO-2 samples as illustrated in Fig. 2 to 700 cm À1 is given in supplementary material. 21 But according to Chen et al., these changes can be attributed to the size dependence of nanoparticles. 26 Therefore, from XRD and Raman analysis we conclude that the Bi or Fe related nonstoichiometry even if present (either overall or inhomogeneously) is less than 5% and difficult to detect by XRD and changes in the Raman spectra are due to size effect. Obviously XRD is not sensitive enough here to give us information about excess Bi or Fe less than 5%. Thus, it is not possible with either XRD or Raman Spectroscopy to infer about any composition variation arising inside the nanoparticles of BFO here. The chemical homogeneity or inhomogeneity has important implications. 20 From the point of view that core and shell structure should have some interface (sharp or diffuse), its understanding using a non-destructive technique is important. However, the HXPES analysis is far from this simplistic analysis, as will be discussed below.
We do HXPES analysis of well characterized BFO samples BFO-1 and BFO-2. Survey scans of both the samples (see supplementary material 21 ) show peaks only due to Fe, Bi, O, and C and no impurities. With the well characterized core-shell BFO particles we proceed to the XPS analysis in order to investigate the issue of chemical homogeneity in the BFO samples.
The detailed HXPES scans of Fe 2p (700-730 eV), Bi 4f (154-170 eV), and O 1 s (525-535 eV) for both the BFO samples were made. Figs. 3(a) and 3(b) illustrate the HXPES for BFO-1 and BFO-2 samples in the Bi 4f region (154-170 eV). Other spectra can be seen in supplementary material. 21 The Bi 4f spectra were obtained with 1253.6 eV, 3500 eV, 5500 eV, and 7500 eV X-ray photon energies. In every spectrum, there are two doublets corresponding to Bi that in both the cases the intensity of metallic Bi 0 peak starts decreasing substantially at 7500 eV photon energy. This would mean that the antiferromagnetic nanoparticles of BFO (with Bi 3þ and Fe 3þ ) are covered with a ferromagnetic shell in which metallic bismuth is present. In the depth of $1 nm from the surface, some metallic part may get oxidized and not detected in any technique used here. Thus, the BFO nanoparticles are graded in the radial direction with metallic component. It is interesting to find that appearance of this metallic component does not alter the physical structure of NPs, as revealed by XRD and Raman spectroscopy measurements. This could be related to the fact that, for low concentration of metallic Bi there is no observable structural change, has been also found in XRD and Raman spectroscopy studies of BFO thin films, having metallic Bi up to 5% and 10%, respectively, for the two structural characterization studies. 25 Such microscopic chemical analysis leading to the observation of metallic bismuth is extremely important in understanding and engineering the changes in the ferroelectricity in these materials. It has been shown theoretically that metal-oxide interfaces enhance the ferroelectricity. 20 Thus, this finding of metallic bismuth in contact with oxide layers can be used to understand as well as tune the ferroelectric property in BFO. Furthermore, it has been reported 25 that the ferroelectric leakage current improvement occurs in low thickness regime of BFO nanomaterials, which may be now related to the presence of this metallic component. Fig. 4 (a) shows a peak fitting analysis of HXPES spectra of BFO nanoparticles. The data have been fitted using UNIFIT, XPS fitting routine that employs a non-linear least squares curve-fitting algorithm of Marquardt and Levenberg, assuming a Shirley background. 27 The data could be fitted with doublet structure corresponding to 4f 7/2 and 4f 5/2 core level of metallic Bi and Bi 3þ . Clearly the peak area ratio of 4f Bi 0 /4f Bi 3þ (Fig. 4(b) ) shows a non-monotonic behavior as function of excitation photon energy. The ratio increases from 0 at 1.25 keV to 0.27 for excitation energy of 3.5 keV. However, as the photon energy is increased above 3.5 keV, the ratio decreases to 0.06 at 7.5 keV. The corresponding inelastic mean free path for Bi 2 O 3 based on Tanuma et al.
(TPP-2 M) for 1.25 keV, 3.5 keV, 5.5 keV, and 7.5 keV excitation energy are $2 nm, $4.8 nm, $7 nm, and $9.1 nm, respectively. 28 This clearly indicates that we have metallic Bi rich region at about 4-5 nm depth in the BFO nanoparticles.
To verify the existence of the core-shell-shell structure of BFO NPs, SAXS measurements were carried out using 15 keV X-rays at BL23A SWAXS beamline in National Synchrotron Radiation Research Center, Taiwan. been fitted using a model of polydisperse core with N shells adopted from the Igor Macros. 30 The SAXS spectrum has a much better fit (green line) with a core and two outer shells compared to a core and one outer shell (red-line). Hence, clearly the BFO NPs show a core-shell-shell structure as revealed by HXPES measurements as well. The obtained core diameter is 126 nm, first shell and outermost shell thicknesses are 12.1 nm and 2 nm, respectively. The corresponding fitted scattering length densities for core, first shell, and outermost second shell are 3.95 Â 10 À5 , 6.21 Â 10
À5
, and 1 Â 10 À5 Å
À2
, respectively. Clearly the outermost shell has lowest electron density, while the intermediate shell has highest electron density. This could be explained by the fact that from HXPES measurements we find that the outer shell has bismuth oxide in combination with BFO, while the intermediate shell has metallic Bi in addition to BFO which would render this layer a correspondingly higher electron density.
To conclude, bismuth ferrite nanoparticles of two sizes, viz., 75 nm and 155 nm were synthesized using a chemical method. The samples did not have any contamination and were phase pure. The XPS analysis using soft X-rays (1.25 keV) showed Bi 3þ valence state in the surface region. However, the HXPES analysis between 3.5 keV and 7.5 keV showed an additional valence for Bi, viz., Bi 0 or metallic state. Based on these results, the BFO nanoparticles can be modelled as chemically graded system with core-shell structure that have both Bi 0 and Bi 3þ valence states, such that a region of intermediate shell rich in metallic bismuth is formed, encapsulated between bismuth oxide rich core and an outer shell. The core-shell structure model is verified using SAXS measurement. This observation provides an extremely useful tool both for understanding and tuning the ferroelectric property in this very important class of materials. FIG. 5 . Circle (᭺) shows the SAXS spectrum of BFO-2 NPs, having $155 nm diameter, with 25% polydispersity. Red line shows a model fitting with one core and one shell. Green line shows a model fitting with one core and two outer shells. The fitting has been carried out using nonlinear leastsquares fit under the IGOR platform. Here, the scattering wavevector q ¼ 4pk À1 sin h is defined by X-ray wavelength k and scattering angle 2h.
